A novel high performance liquid chromatography method has been developed and validated for the simultaneous determination of furfural and hydroxymethylfurfural in 18 honey samples. An Agilent Poroshell 120 EC-C18 150x3 mm 2.7µm particle sized column and isocratic elution with a 0.5 mL/min flow rate were used. The mobile phase was 10mM pH 2.5 phosphate buffer and acetonitrile and monitoring of analytes was carried on using a DAD detector at 284 nm wavelength. The method was validated according to USP guideline in terms of accuracy, precision, specificity, linearity and range\ robustness and ruggedness. According to the obtained results, the concentration levels of hydroxymethylfurfural were between 19.56-209.42 mg/kg in honey samples. Observed concentration values of HMF for 5 honey samples were higher than requirements and the highest level of hydroxymethylfurfural was observed in a thyme honey sample (209.42 mg/kg). The concentration values of furfural found in honey samples were in the range of 0.34-2.23 mg/kg. The highest level of furfura was determined in the thyme honey sample (2.23 mg/kg) also containing the highest concentration of hydroxymethylfurfural. In this study, the margins of exposure to furfural were also calculated for investigated honey samples. The margins of exposure for all analyzed samples were above the value of 100, indicating the safety of samples regarding to furfural exposure. The excessive hydroxymethylfurfural contents in some samples is a concerning point for public health and the national authority needs to increase its supervision on the honey.
INTRODUCTION
The Maillard reaction is a chemical reaction between amino acids and reducing sugars and occurs in food storage at low temperature as well as during cooking conditions [1] . The reaction takes place in all the foods that are baked (bread, cookies, cakes, etc.), fried (meat, potato chips etc.) and heat-treated during and/or after production throughout the shelf life (honey, molasses, coffee, jam etc.) [2] . Furan derivatives, furfural (2-furaldehyde, F) and hydroxymethylfurfural (5-hydroxy-2-furaldehyde, HMF) are important Maillard reaction products which are present in numerous foodstuffs at high levels.
HMF is an indicator of quality in several food products and there is an HMF content limitation for some foods such as molasses and honey because of its adverse effects on human health like cytotoxic, mutagenic, genotoxic and carcinogenic consequences [3] . It was shown that HMF at high concentration is cytotoxic and irritant to eyes, skin and mucous membranes [4] . Some studies revealed that HMF may act as both an initiator and a promoter in colon cancer in rats [5, 6] . HMF was investigated for carcinogenicity within the National Toxicology Program (NTP) of the USA and it was found to be carcinogenic based on increased incidences of hepatocellular adenoma [7] . Although, HMF was negative in the classic genotoxicity test battery conducted by various groups, it was mutagenic and genotoxic in genetically modified Salmonella strains [8] and V79 cell lines [9] .
F was also investigated for carcinogenicity by oral administration in vivo. It increased the incidence of hepatocellular adenomas and carcinomas in mice, while in rats had a low incidence of cholangiocarcinoma, which occur rarely. In another study, gene mutation, sister chromatid exchange and chromosomal aberrations were induced by F in mammalian cells in vitro [10] .
These ongoing reports about toxicity of furan derivatives, make the determination of these compounds crucial in different matrices such as foods and beverages.
Human beings consume honey as a sweetener and food source. There have been numerous studies on the nutritional and medicinal properties of honey. However, honey may contain compounds that may lead to toxicity. A heat treatment is applied to honey to facilitate the filtration process, reduce viscosity, delay the crystallization and prevent fermentation during honey processing. Due to this application, furan derivatives may be composed in honey [11] . Also usage of evaluation of HMF level is well known procedure to investigate the quality of honey. However, F is widely accepted as an indicator of flavor changes [11, 12] .
When concerns of the scientific community about the potential toxicity of furan derivatives are taken into account, new methods were developed to monitor these compounds in different foodstuffs. Developed analytical methods used different techniques such as high performance liquid chromatography (HPLC) [13, 14] , gas chromatography [15] , gas chromatography-mass spectrometry [16, 17] , high-performance thinlayer chromatography (HPTLC) [18] and micellar elektrokinetic capillary chromatography [19] .
However, there are a few studies devoted to analytical validation of these methodologies, especially for honey. Truzzi et al [14] determined the HMF concentration in honey samples and investigating of analytical method is not meet the any validation guide criteria. Bahaffi et al [17] measured HMF levels in some honey samples by using GC-MS but they did not investigate any validation parameters for the method. In another study, HMF was monitored in honey samples by HPTLC, which is a planar chromatography technique, and there was not any validation experiments meeting all criteria [18] . Zappala et al [20] made a comparison between an HPLC method and a spectrophotometry method but they did not indicate any result for validation of analytical methods. In addition, these methods reported LOD and LOQ values between 0.09-6 mg/kg and 0.27-18 mg/kg, respectively. These values can not indicate the HMF concentration values for foods containing little amount of HMF. This situation affects the people consuming continuously this type of foods. As known well, investigating procedure of honey quality needs some additional criteria different from HMF concentration level. Thus, ability of determination of other furan derivatives simultaneously with HMF is very important and can present a wide perspective to analyst. However, the methods in the literature investigated only HMF analysis in the honey samples. In addition, the use of different analytical methods for HMF determination and the use of inaccurate or inadequate procedures are actually a problem. In this study, it was aimed to develop and validate a sensitive, precise and accurate method for the simultaneous determination of HMF and F levels in different honey samples using an HPLC-DAD method. The results also evaluated from toxicological viewpoint in this study.
RESULTS AND DISCUSSION

Optimization of the method
In this study, a new HPLC-DAD method was developed to analyze HMF and F being derivatives of furan. When the sources from the literature were investigated, it was seen that these substances were separated by using a C18 column and water and acetonitrile mixture as mobile phase [21] [22] [23] . For this reason, the first studies were made on classical C18 columns having properties 50-250 mm length and 3-4.6 mm thickness and 2.7-5 µm particle size with water-acetonitrile mixture. However, results obtained from C18 columns were not satisfactory. Thus, a new generation shell column, Agilent Poroshell 120 EC-C18 3.0x 150 mm 2.7µm column was tried for separation. Obtained chromatograms showed that the separation was perfect in view of peak separation, peak shapes and signal values. Further experimental parameters such as flow rate, temperature and mobile phase rate were investigated using this column and water acetonitrile mixture as mobile phase. According to the literature, preparation of samples having a rich matrix need adding some chemical agents such as Carrez solutions (Carrez I-K4Fe(CN)6 and Carrez II -Zn(CH3COO)2) to clean sample from the interferences [21, 24, 25] . After adding of Carrez solution, a precipitate was composed and supernatant was used for analysis.
However, after injection of the samples, the pressure of the column was increased to up limit and cleaning procedures were not enough to open the column plug. At this point, it was thought that cations coming from the Carrez solutions could be precipitate as hydroxides at normal water pH conditions. Column working limit was in the range between pH 2-8. By viewing column condition, 50 mM phosphate buffer (pH 2.5) was tried as mobile phase to prevent precipitation of these cations. After this experiment, it was seen that the column pressure decreased in a short time. Due to this situation, 50 mM phosphate buffer pH 2.5 solution was used for mobile phase A. Different rates of ACN solution were investigated to obtain the optimum separation conditions. ACN rate was decided as 5 percent against 50 mM phosphate buffer pH 2.5 solution due to separated HMF and F peaks as well-shaped and symmetrical by using this system. The obtained chromatogram of the F and HMF standard mixture is presented in Figure 1 . Figure 1 . Chromatogram of the standard mixture of HMF and F at a concentration value of 0.5 ppm. F: furfural; HMF: hydroxymethylfurfural. Small shapes are UV spectrums which were obtained from chromatograms by using Chem Station software at peak maximum points.
After the optimization procedure, the experiments related with validation of the method was started. Dilution of the solutions was made with 50 mM pH 2.5-phosphate buffer solution to obtain unity of the honey samples and standard solutions.
System suitability
System suitability test was performed for the developed method. Obtained results are presented in Table 1 and it can be said that the method developed is appropriate to analyze the F and HMF derivatives. 
Calibration curve
Different concentration values of each compound were investigated to determine dynamic range for the developed method. For this purpose, standard solutions of each analyte as a mixture were prepared daily by diluting from stock solution of compounds. Chromatograms obtained for each standard mixture were recorded and investigated to determine calibration parameters of the method. Calibration curve dynamic ranges and related method limits are shown in 
Accuracy
Recovery and relative standard deviation values are presented in Table 3 . Accordingly, it is seen that recovery values are in 95-105 % range. This situation shows that the method provides needed accuracy of the measurements.
Precision
Precision is the measure of the degree of repeatability of an analytical method under normal operation and is normally expressed as the percent relative standard deviation (RSD) for a statistically significant number of samples. Table 3 also shows precision of the method due to presentation of RSD values obtained from three repetitive analysis of known amount of standards at three different level. RSD values of intra-day studies are lower comparing inter-day studies. Obtained results shows that the developed method provides the precision of the measurements. 
Specifity
It was observed that materials being in honey samples do not present overlapping peaks with HMF and F. In addition, observed peaks were investigated by comparing online UV spectrums obtained from chromatograms of standard solution and chromatograms of honey samples.
Robustness and ruggedness
The developed method was evaluated in view of robustness and ruggedness. Some experimental parameters were changed deliberately in accordance with this purpose and this change was limited ± 10% of optimized experimental value. Effect of change of experimental values on accuracy and precision was investigated. In this part of the study, temperature, buffer to acetonitrile ratio and pH parameters were changed between limit values. Obtained results are presented in Table 4 . In general, when the obtained recovery values were investigated, it can be seen that recovery values were appropriate to 85-115 % percentage rule and results were repeatable. These deliberately changes on experimental parameters indicated that analyst should be more careful on F analysis. Because, calculated recovery values of F versus changed parameters show differences by comparing recovery values of HMF. On the other hand, pH was the most effective parameter on recovery values. Due to this reason, analyst working with the developed method should be sensitive on preparing of buffer and adjusting buffer pH. However, quality control samples should be used for each analysis to eliminate any error.
Analysis of HMF and F in honey samples
In order to verify the pertinence of the optimized and validated HPLC method in the food quality control, eighteen honey samples of different origins and manufacturers were analyzed in this study. Data are presented as means of triplicates and standard deviations (Table 5 ) and the example of the sample chromatogram is given in Figure 2 . Determination of the peak on obtained chromatogram was made by comparing UV spectrums of peaks. For this purpose, standard solution of F and HMF was injected to the device. A chromatogram of two analytes was obtained as shown in Figure 1 . ChemStation software of chromatography device allowed to us investigating of UV spectrums at any time point. UV spectrums of F and HMF were loaded from the software and recorded. After analysis of the honey samples, loaded UV spectrums of expected peaks on chromatogram were loaded and compared with previous spectrums as shown in Figure 2 . If the amount of the analyte was appropriate, a good spectrum similar to standard material spectrum was obtained. If the amount of the analyte was at low concentration level, there was little effects on spectrum due to matrix. Hovewer, the spectrums allowed to quantify the related analytes. Table 5 . Analysis results of some marketed and local honey samples (mg/kg). The levels of HMF were distributed over a wide range of concentrations (19.56-209 .42 mg/kg) in honey samples. Highest level of HMF was observed in a thyme honey sample (209.42 mg/kg). Besides this, for five samples the levels observed for HMF were higher than requirements (40 mg/kg) established by Turkish and international standards for honey [26, 27] .
There is no F limit established for honey that implies that it should be absent. However, the levels of F in honey samples investigated in this study were in the range of 0.34-2.23 mg/kg. Highest level of F was determined in the thyme honey sample (2.23 mg/kg) which was also contained highest concentration of HMF (209.42 mg/kg).
For the natural occurrence of F in food, Flavor and Essence Manufacturers Association (FEMA) calculated a total potential daily intake of approximately 0.3 mg/kg bw/day for F and precursors of F from natural occurrence in food. Consumption of 10 g honey by a 60 kg person results in intake of 0.00006 to 0.0004 mg/kg bw/day for F, which is far below the potential daily intake limit (0.3 mg/kg bw/day).
The repeated dose toxicity data on F are sufficient for the repeated dose toxicity endpoint. In a study, rats were given microencapsulated F in the diet for 90 days. The NOAEL in that study was established as 53 mg/kg bw/d [28] .
In present study, Margin of Exposure (MOE) was calculated to determine human health risk from exposure to the furfural from investigated honey samples. The MOE is a ratio of the toxicity effect level (NOAEL) to the estimated exposure dose and low risk is implied when MOE > 100. Considering the consumption of 10 g honey by a 50 kg person, the MOE for F in investigated honey samples was at the range of 119-755, which provided a MOE > 100 [29] . However, it should be noted that the food is not the only source of exposure to F especially for workers in occupational settings such as pesticide manufacturers, fuel, pulp and paper industries. Therefore, for the risk evaluation the combined exposure to F should be taken into the consideration.
CONCLUSION
This study describes a HPLC-DAD method for the determination of HMF and F in foods like honey. The described method is accurate and reliable, and should be applicable to monitoring of HMF and F levels in food. The HMF content of 6 samples from 18 analyzed honey samples were above the requirements established by Turkish and international standards for honey. This excessive HMF contents is a concerning point for public health and the national authority needs to increase its supervision on the production of honey.
MATERIALS AND METHODS
Chemicals
Furfural (F) was obtained from Sigma-Aldrich (USA) and hydroxy methyl furfural (HMF) was obtained from Sigma-Aldrich (China). Orthophosphoric acid was purchased from Merck (Darmstad, Germany), monosodium hydrogen phosphate salt was obtained from Riedel-de Haën (Germany) and acetonitrile was purchased from Sigma-Aldrich (Israel). Ultra-pure water (18 MΩ) was obtained from Millipore Simplicity device.
Instrumental
Chromatography analyses were carried out with an Agilent 1260 HPLC device, which consists of a degasser, pump, autosampler, autoinjector, temperature controlled column compartment and a diode array detector (DAD) detector. Analyses were done by using isocratic elution system with a 0.5 mL/min flow rate and the mobile phase A was 50 mM pH 2.5 phosphate buffer and mobile phase B was acetonitrile. During analysis, mobile phase composition was adjusted as 95:5 (MP A: MP B). Separations were carried on an Agilent Poroshell 120 EC-C18 150x3 mm 2.7 µm particle sized column. Agilent Poroshell 120 EC-C18 3x5mm guard column was also used to protect analytical column. Temperature of the column compartment was 25°C and injection volume was 20 µL. Monitoring of the analytes were made by using a DAD detector at 284 nm wavelength.
Preparation of stock and standard solutions
Stock solutions of F and HMF were prepared as 1000 ppm in acetonitrile. Standard solutions and quality control solutions (QC) of F and HMF were prepared by diluting of these stock solutions with mobile phase. Concentration of standard solutions were 0.1, 0.5, 1, 5, 10 ppm and concentration of the QC samples were 0.8, 3 and 8 ppm for low, medium and high level, respectively.
Preparation of samples
Honey samples were prepared after a cleaning procedure. For this purpose, 5 g honey sample was weighted and dissolved in 25.0 ml phosphate buffer solution. Than 750 µl Careez I and 750 µl Careez II solutions were added to clean the sample and they were centrifuged during 20 min at 4500 rpm. Supernatant was filtered and inserted in a vial to determine the F and HMF.
Validation
Developed analytical method was validated according to the USP guideline (30) . For this purpose system suitability, accuracy, precision, specifity and robustness and ruggedness of the method were investigated.
System suitability test
Before performing validation experiments, system suitability test (SST) has to be applied to indicate that HPLC system and method are capable of providing data with admissible quality. SST was performed by investigating capacity factor, tailing factor, theoretical plates number, resolution and also relative standard deviation (RSD) of the peak areas. For this purpose, a quality control solution at a concentration of 0.8 ppm was used in six repetitions.
Accuracy and precision
Accuracy and precision of the method were evaluated by two approaches as intra-day and inter-day studies. For this purpose, standard mixtures of each compound at three different concentration values were prepared by diluting stock solution and concentration values were as 0.8, 3 and 8 ppm. Measurements were made as three repetitive of three injections. Recovery value of quality control samples at low, medium and high levels were used for accuracy and relative standard deviation were used for precision calculation.
Specifity
The specifity of the method was evaluated by using spiked honey samples. For this purpose, each standard solution was spiked to same honey sample and chromatograms of these solutions were investigated.
Robustness and ruggedness
Robustness and Ruggedness of the method was performed to realize whether the method was susceptible to variations in method parameters or not. For this purpose, some small changes were applied deliberately on temperature, buffer to acetonitrile ratio and pH parameters and recovery and RSD of the recovery values were recorded.
